Abstract Restoration of critical sized defects of the mandible still poses a major problem in the field of Oral and Maxillofacial Surgery. The current gold standard of treatment relies on the use of autologous grafts and therefore, has associated disadvantages such as donor site morbidity and insufficient bone for prosthetic rehabilitation. Recent advances in the fields of bone tissue engineering and distraction osteogenesis provide an alternative treatment modality to restore the aforementioned critical sized defects. These alternative modalities offer patients and clinicians multiple advantages such as decreased morbidity and increased volume of bone for prosthetic restoration. The aim of this review was to evaluate the bone regeneration capacity of bone tissue engineering and distraction osteogenesis in preclinical in vivo animal models against the current gold standard.
Introduction
The restoration of critical-size bone defects is a major problem for Oral and Maxillofacial Surgeons. A critical-size defect will not heal spontaneously [1] or regenerate more than 10 % of the lost bone during the patients lifetime [2] . The ideal mandibular reconstruction will restore form, function, sensation, mastication and aesthetics. Modalities to treat critical-sized mandibular defects include micro-vascular free flaps, autogenous bone grafts, bridging plates and transport distraction osteogenesis [3•] . The best treatment modality should be selected based on the disease process, the anatomy involved, and the required properties of the reconstruction [3•] .
Current techniques approved for use on patients fall short of the ideal treatment [4, 5] . Immediate vascularized bone and soft tissue transfer is the current benchmark for the reconstruction of critical-size defects of the mandible following cancer resection. Although this technique has proven successful, it has multiple disadvantages including increased patient morbidity, a limited volume of transported bone and the need for a second operative site [4] . Due to the disadvantages of autogenous tissue transfer [4] , focus has shifted towards the development of other treatment modalities. These new treatments may achieve ideal mandibular reconstruction with lower patient morbidity compared to the current benchmark.
Transport-disc-distraction osteogenesis (TDDO) is an alternative treatment for the reconstruction of segmental mandibular defects [6] . TDDO involves the gradual movement of a mobilized bone disc to restore continuity of the mandible over several months, without the need for a second operative site [6] . However, as aesthetics are compromised due to pin tracks, this technique does not satisfy all the criteria of ideal mandibular reconstruction [6] . Additionally, TDDO relies on patient compliance and there is uncertainty regarding efficacy in areas of previous or pending irradiation [6] .
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Another emerging treatment is tissue engineering (TE). TE is the application of scientific principles to the design, fabrication, modification and growth of living tissues using biomaterials, cells and growth factors [7] . The aim of bone tissue engineering is to regenerate lost bone via the use of growth factors and/or cells. This approach could potentially obviate the need for a second operative site and provide bone volume and contour necessary for cosmesis and the restoration of occlusion.
In bone TE, an appropriate carrier can deliver osteogenic growth factors and autogenous bone precursor cells to a defect site. Typically, these carriers are three dimensional scaffolds that facilitate cell attachment and proliferation, and can themselves be used as a vehicle for growth factor delivery [8] . The addition of cells and growth factors into scaffolds can result in a repair site that is both osteoinductive and osteoconductive [9] . Some effective combinations of osteogenic growth factors and autogenous bone precursor cells in scaffolds have been investigated to promote bone regeneration in critical sized defects [10, 11] .
Preferably, TE materials should be biocompatible and not elicit a foreign body reaction. The scaffold should have an anatomical shape that is porous to allow for the infiltration of cells and the free movement of waste products. Critically, they should promote cell adhesion and proliferation on and into the scaffold structure [12] . Scaffolds must also be mechanically robust to withstand physiological stresses at the site of implantation.
Growth factors should stimulate bone healing at an acceptable dose concentration via the recruitment of osteogenic factors and the promotion and differentiation of osteogenic progenitor cells [11] . Moreover, growth factors must achieve an ideal time of localization at the defect site whilst maintaining a concentration sufficient to promote bone healing [11] . Growth factors may be incorporated in the scaffold material itself or delivered separately.
The ideal method of de novo bone synthesis using TDDO or a TE scaffold must be determined with pre-clinical in vivo testing. This testing must be conducted in an appropriate animal model with rigorous post euthanasia analysis [13] . Only after extensive testing and appropriate long-term review can clinicians and researchers be confident that the new modality is both effective, safe and meets the criteria for ideal reconstruction.
Animal models with continuity and non-continuity defects are used to investigate mandibular reconstruction. Non-continuity defects do not require fixation and are typically circular or rectangular resections, whilst continuity defects are typically segmental resections and result in loss of mandibular unity. Thus, fixation is required for continuity defects and the resulting model is more complex yet, more accurately mirrors the clinical condition.
This report reviews the relevant literature concerning regeneration or reconstruction of critical sized mandibular defects in animal models. Furthermore, this review aims to highlight the current modalities that show promise and the future direction of mandibular reconstruction in animal models.
Bone Transport Disc Distraction Osteogenesis
Transport disc distraction osteogenesis (TDDO) is a specialized technique used to grow bone across a defect. Using TDDO, a bone disc is prepared adjacent to the defect and moved slowly and continuously until docking after the entire defect has been spanned [6] . Once docking has been achieved the regenerated bone undergoes remodeling and calcification. TDDO provides an alternative treatment option for patients who have lost mandibular continuity, without the need for a second operative site [6] . Costantino, in particular paved the way for TDDO in animal models. Using dogs the group were able to demonstrate regenerated bone that was 77 % the strength of the contralateral mandible and therefore, could withstand the loads associated with mastication [14, 15] .
Further animal studies have been conducted examining the application of TDDO for regeneration of mandibular segmental defects [16] . In all the animal models, the critical sized defects were bridged with regenerated bone however, only three of the studies reported similar bone density to the native bone, possibly due to the increased docking times of the studies [17] [18] [19] ). Despite regeneration of the critical sized defect, the use of TDDO was not without complication. Complications encountered included infection and fracture of the fixation plates [17] , tilting of the transport bone disc, mechanical malfunction of the distraction device, regenerated bone fracture, and wound dehiscence [20, 21] . The most concerning complications reported were problems with transport disc docking. In one study, calcific material formed between the docking site and the transport disc impeded the distraction. However, this did not result in a non-union. Other studies reported high rates of non-union at the docking sites of the transport disc due to coned shaped bone outgrowths preventing adequate adaption of bone sites on contact. This led to failure rates ranging from 50 % [21] to 100 % [20] of animals. Thus, despite the benefits afforded with the use of TDDO, there still remains doubt regarding the strength of the regenerated bone, and the predictability of bone disc docking in animal models.
Tissue Engineered Constructs Non-continuity Defects
Non-continuity defects of the mandible maintain the unity of the mandible, do not require fixation and are typically circular or rectangular three walled defects. These mandibular defects are often used in small animal models and provide necessary information regarding biocompatibility, toxicity and the bone regenerative capacity of novel bone tissue regenerative techniques. Typically, these defects do not adequately mimic the clinical scenario of tumor or cancer resection and as such, may be better models for periodontal fenestration defects.
Novel methods targeted at treatment of critical sized defects often apply bone tissue engineering. The principles of bone tissue engineering revolve around the theme of biomimicry whereby, the regenerative capacity of the body is harnessed through the use of stimulatory growth factors or autogenous bone precursor cells with an appropriate scaffold to facilitate the restoration of bone at the site of deficiency.
A number of scaffold and cell or growth factor combinations have been trailed in animal models in an attempt to regenerate these non-continuity critical sized defects. The techniques range from the use of high compressive strength bioceramics such as hydroxyapatite seeded with bone marrow stem cells [22] , calcium phosphates [23] , and hydroxyapatite and collagen seeded with adipose stem cells [24] , to lower compressive strength natural polymers such as platelet rich fibrin glue with mesenchymal stem cells [25] , adipose derived stromal cells with fibrin glue pellets [26•] and finally, synthetic polymers like nanohydroxapatite polyamide with or without bone marrow stromal cells [27] .
As evidenced by the heterogenous nature of the tissue engineering approaches, non-continuity critical sized defects are much more forgiving, allowing investigation of high and low strength materials. In all of the above studies, scaffolds combined with a growth factor or naïve cells produced adequate bone regeneration with the maximum defect restoration reaching 90 % [26•] . Despite the high percentage, the central region of ossification in this study lacked contact with peripheral bone. Furthermore, the studies investigating noncontinuity critical sized defects were conducted using a variety of small and large animal models, employing differing defect sizes in various anatomical sites. To compound the problem of comparison between bone tissue regenerative techniques, sacrifice times between the studies varied greatly fluctuating from 2 weeks [27] to 32 weeks [25] . Therefore, direct contrast between bone tissue regenerative techniques in animal models remains fraught with difficulties due to the inherent differences between studies.
Continuity Defects
Continuity defects are typically due to segmental resections and result in a loss of mandibular unity. These types of defects are challenging to treat as the defect will not undergo spontaneous healing thus, fixation is required to maintain the anatomic form of the mandible after resection with or without autogenous bone grafts, or vascularized osteocutaneous grafts. Due to the surgical difficulty, large animals are typically used to examine regeneration of these defects, although rabbits have been used without plate fixation [28•, 29•] . Outcomes of the interventions were most commonly assessed using histological, histomorphometric, and computed tomography techniques. Additionally, biomechanical testing was used in conjunction with the aforementioned techniques.
Bone Morphogenetic Protein-2 Studies
Recombinant human bone morphogenic protein-2 (rhBMP-2) is a member of the TGF-β superfamily and has a proven ability to promote bone growth [30] . The combination of rhBMP-2 with an appropriate carrier is intended to localize the growth factor within the defect site and enhance tissue formation. Multiple authors have employed the use of rhBMP-2 in combination with an appropriate carrier in order to regenerate defects within the mandible. The use of rhBMP-2 was studied in combination with resorbable collage [31, 32] , collagen sponge with hydroxyapatite and β-Tricalcium Phosphate crystals [33•] and a poly D,L-lactic-co-glycolic-acid coated gelatin sponge [34] . The use of poly D,L-lactic-co-glycolic-acid coated gelatin sponge reported the best result, yielding adequate bone width and height within the defect after 30 weeks, as well as lamellar bone remodeling within the 30 mm defect. It should be noted however, that 9 mg of rhBMP-2 was used. The use of rhBMP-2 with a collagen sponge produced 56.3 % defect filling, although this was only 4 weeks after implantation [34] .
Autologous Bone Marrow Derived Stromal Cells Studies
Bone marrow derived stromal cells can be grouped under the term mesenchymal stem cells (MSCs). These multipotent stromal cells have the ability to differentiate into a variety of cells types that produce many critical tissues. The use of MSCs offers another potential treatment modality for the repair of critical size defects [35] . Autologous bone marrow derived stromal cells proved to be a popular choice among authors attempting regeneration of critical sized continuity defects in the mandible. MSCs were seeded onto a variety of scaffolds including β-Tricalcium Phosphate [29•, 36, 37, 38•, 39], pyrolized bovine bone scaffolds [40] and coral [38•] . Of the β-Tricalcium Phosphate scaffolds, the study by Yuan et al. produced the most encouraging results, achieving bone union at 26 weeks in a 30-mm defect with comparable bone mineral density to the contralateral mandible. These results were overshadowed by the coral scaffolds however, which achieved bone bridging in the mandible at 26 weeks, and at 32 weeks had higher bone mineral density and comparable bending load strength compared to the contralateral unoperated mandible. However, not all the studies using mesenchymal stem cells produced favorable results. Alfotawei et al. [29•] did not find any significant improvement in bone reconstruction following the administration of bone marrow stem cells, and Schliephake et al. reported bone formation mainly in the marginal sections of the defect with 25 % of the animal subjects having fractured their fixation plates [40] .
Bone Morphogenetic Protein-7, Cancellous Bone Graft Studies
Bone morphogenetic protein-7 (BMP-7), like bone morphogenetic protein-2 (BMP-2), is a member of the transforming growth factor-beta (TGF-β) superfamily [10] . Both BMP-2 and BMP-7 are known for their osteoinductive and chrondroinductive properties and the former has been FDA approved for use in procedures such as maxillary sinus augmentation [30] . The authors who conducted regeneration and reconstruction on the mandible, employed the use of rhBMP-7 and cancellous bone grafts as their osteogenic stimulus [28•, 41] . A number of different carriers were used in conjunction with rhBMP-7 (3.5 mg), with the most popular being type-1 collagen scaffolds [42] [43] [44] . Other regenerative techniques employed include the use of an resorbable alloplastic bone tray with cancellous bone grafts from the iliac crest [41] , rhBMP-7 in a bovine collagen type-1 sponge wrapped in a pedicled sterno-occipitalis muscle flap [43] and a β-TCP scaffold with rhBMP-7 (400 ng) in a bovine bone collagen type-1 carrier [28•] . The studies using rhBMP-7 were not associated with predictable defect bone bridging. Results indicated lack of homogenous bone regeneration [44] and rather calcification with soft tissue islands [43] , with multiple animals lacking union between the new graft and the host bone [28•, 42-44] . The use of cancellous bone from the iliac crest produced bone bridging within the 20 mm segmental defect with results indicating higher mechanical strength without the use of the alloplastic bone tray [41] (Fig 1) .
Conclusions
Due to recent advancements in tissue engineering, and through work carried out by Ilizarov et al. [45] , there have been great steps towards the development of less morbid treatment strategies that provide better functional outcomes for patients suffering from critical size defects of the mandible. Despite these improvements in technology, vascularized bone grafts still continue to be the mainstay for treatment of critical size defects of the mandible.
Well-designed in vivo animal models continue to play an important role in helping to understand the mechanisms of mechanical intervention healing, development of translational research and tissue engineered bone formation, including the quality of the regenerate and the viability of the treatment method. The many factors which need to be taken into consideration when selecting an animal model are out of the scope of this review [13] . However, when establishing a critical sized defect model of the mandible, the etiology of the defect plays a crucial role.
The etiology of critical sized defects in the mandible can be attributed to a number of conditions ranging from malignancies such as squamous cell carcinoma, chondrosarcoma, osteosarcoma, as well as benign conditions such as fibrous dysplasia, or juvenile active ossifying fibroma [46] . Segmental mandibular defects can also be caused by conditions such as osteoradionecrosis, the use of bisphosphonates, gunshot wounds, or other trauma [47•] . Therefore, to assess the reconstructive and regenerative capacity of novel treatment techniques, research should strive to emulate the human clinical condition. Hence, use of continuity defects in animal models is vital to portray a viable clinical model.
Critical sized defect regeneration in the mandible provides important evidence regarding scaffold, cell and growth factor combinations. However, due to the anatomical locations and nature of the defects created, biomechanical testing was not carried out in all of the animal studies. Whilst μCT, radiographic, histological and histomorphometric analysis can provide some information inferring the strength of the regenerate, biomechanical testing is imperative to quantifying the regenerated bone properties against controls.
Critical sized defects maintaining continuity of the mandible are usually performed in smaller animals such as rabbits or rats, which typically yield a higher statistical value and provide valuable information with regard to developing novel treatment concepts. Unfortunately, due to their differing bone structure and metabolism, it is difficult to extrapolate results to humans [48] . Consequently, small animal models play an important role in high-powered proof of principle studies that try to establish ideal scaffold/carrier and growth factor combinations. Resultant regenerative methods ultimately need to be assessed in large animal models to elucidate clinically relevant results. Fig. 1 Creation of segmental mandibular defect in the body of the mandible. a After adjustment of the titanium plate, an osteoperiosteal segmental mandibular defect of 30 mm length was made at right side. b The defect was filled with BMSCs/β-TCP construct [39] . Reproduced with permission from Elsevier Inc.
The articles which evaluated transport-disc-distraction osteogenesis used either internal or external distractors to attempt to bridge critical sized defects [17, 18, 21, 49, 50] . Authors carrying out TDDO on defects greater than 30 mm reported non-union rates between subjects at 50-100 % due to inadequate contact of the transport disc with the docking site [20, 21] . These results correlate with the literature which highlight non-union of the transport disc at the docking site as a potential problem of TDDO [51, 52] .
Contrary to the expected results of TDDO, two of the evaluated articles reported sound union of the transport disc with the docking site [17, 18] . Care should be taken when interpreting these results. One article employed a defect in a small animal model that maintained the continuity of the mandible [18] . The other article, whilst using a continuity defect in a large animal model, had a small sample size of six animals due to the fracture of plates in two of the eight subjects [17] . Of those six animals, the transport disc was distracted only 15 mm of the 25 mm defect due to a 10 mm bone growth from the distal segment of the defect [17] . Although the regenerate yielded adequate biomechanical results, further TDDO studies should be undertaken in large animal models to validate docking site union in critical size continuity defects of the mandible. Therefore, there is currently insufficient evidence to justify the use of TDDO to repair critical sized defects in the mandible ahead of the current gold standard of vascularized bone grafts.
Of the studies which investigated restoring critical size continuity defects of the mandible, the authors primarily carried out restoration using autologous bone precursor cells or osteogenic growth factors, seeded onto osteoconductive scaffolds or sponges, compared with autogenous grafts, allografts, unseeded scaffolds, or empty defects. All results of the studies reported some form of bone bridging of the defect. Experimental groups employing the use of autogenous bone precursor cells or osteogenic growth factors, on scaffolds or sponges, produced regenerated bone with higher bone composition and better mechanical properties than scaffolds or sponges alone which is congruent with the literature [53] .
These results are to be expected as the bone regeneration efficacy of BMSCs, rhBMP-2 and rhBMP-7, have been extensively documented in the literature [54] . Nevertheless, when interpreting the results of studies that undertook reconstruction using rhBMP-2, rhBMP-7, and 'stem cell based' treatment, a pertinent point is that multiple author's implemented supra-physiological doses of these proteins in order to achieve acceptable bone healing in a bovine collagen type-1 carrier [31, 33•, 34, 42-44] . Although collagen sponges have been shown to increase retention of osteogenic growth factors by 15-55 % [55] , safety concerns regarding use of milligram doses of rhBMP have been raised, eliciting effects such as oedema, ectopic bone formation, erythema and local inflammation [56, 57] . Despite the undoubted osteogenic potential of BMSCs, further large animal studies are required to elucidate their safety profile [35] .
Only one study showed a treatment that was able to replicate the mechanical properties of the un-operated contralateral mandible [38•] . This may be have been due to the differing sacrifice times used across the studies; and thus, more effort should be made to standardize this for the sake of direct comparison between studies. No other study employing tissue engineering was able to show results comparable to a nonoperated mandible or autologous graft positive control. Studies of transport-disc-distraction osteogenesis treatment of continuity defects reported a discontinuity defect in at least one of the treatment group subjects, as well as additional complications [43, 58] . Furthermore, studies used small sample sizes (n = 6) bar one exception (n = 12) [38•] .
Despite the growing number of animal studies investigating the restoration of critical sized mandibular defects, there remains a high variability between factors influencing studies. These factors include the animal model, defect site, defect size, sacrifice time, and postexplantation analysis. Furthermore, only three of the studies incorporated a 'gold standard' autologous graft as a positive control [36, 39, 41] . The heterogeneity of the studies makes comparison between different treatment modalities difficult. It is therefore impossible to assess if one treatment is superior to another by direct comparison. Ideally, the future assessment of new treatment modalities regarding bridging of critical sized mandibular defects should be carried out in a standardized large animal model employing a continuity defect. This model should feature an adequate autologous graft as a positive control. Post-explantation analysis should be comprehensive and include μCT, radiographic, histological and histomorphometric analysis, as well as biomechanical testing.
Due to the inherent heterogeneity between studies, it is problematic for clinicians and researchers alike to compare the many possible combinations of scaffold/ carrier and autologous bone precursor cells or osteogenic growth factors. Despite tissue engineered constructs and transport-disc-distraction osteogenesis demonstrating some potential regarding their use for bridging critical sized mandibular defects, when compared to the current standard of care, there is currently not enough evidence within the literature for these treatments to be used ahead of vascularized bone grafts. TDDO and TE treatments have not yet undergone enough rigorous testing to warrant translation into the clinic and therefore do not currently have the capabilities to replace the current 'gold standard' of care. Human and Animal Rights and Informed Consent This article does not contain any studies with humans or animal subjects performed by any of the authors.
